
NATIONAL AERONA [TICS A 
Off ice  of Space Sc ie  

Launch Vehicle and prop 
Cont rac t  NASr 

. 

AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH 

S t a t u s  Report  f o r  the Period 

1 A p r i l  through 30 June 1967 

Prepared by: ,h ;R 
P. M. Lion 

Approved by: 
P. M. Lion 

Act ing  Research Leader 

- Reproduction, t r a n s l a t i o n ,  pub l i ca t ion ,  use and d i s p o s a l  i n  whole o r  
o r  i n  p a r t  by o r  f o r  t h e  United S ta t e s  Government i s  permi t ted .  

31  August 1967 

Aerospace Sys terns and Miss ion  Analysis Research (ASMAR) Program 

School of Engineer ing and Applied Science 
Department of Aerospace and Mechanical Sciences 

PRINCETON UNIVERSITY 

I 
\ 



- AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH 

S t a t u s  Report f o r  the Period 1 A p r i l  through 30 June 1967 

I. INTRODUCTION 

A. General 
-. 

During t h e  per iod  of t h i s  r e p o r t , r e s e a r c h  of t he  ASMAR Program 

continued as p rev ious ly  o u t l i n e d  under the sponsorsh ip  of NASA/OSSA Launch 

Vehicle and Propulsion Programs Divis ion  (NASA Cont rac t  NASr-231). 

mentioned i n  prev ious  r e p o r t s  t h e r e  has been some d i v e r s i o n  from t h e  Basic 

A s  

Program due t o  s o l a r  e l e c t r i c  miss ion  s t u d i e s  under s e p a r a t e  c o n t r a c t  

(NASA Con t rac t  NSR-31-001-078). 

30 September 1967. 

B. Personnel 

These s t u d i e s  w i l l  be completed as of 

D r ,  Colin N. Gordon who has been working f u l l  t i m e  l e f t  t o  r e t u r n  

t o  England. H i s  two-dimensional t r a j e c t o r y  op t imiza t ion  program, Gordon 1, 

is  a lmost  completed. Any f u r t h e r  development w i l l  be done by M r .  George A .  

Hazel r igg ,  Jr. 

Mr,John H. Campbell has  undertaken t h e  development of Lion 1, our 

three-d imens iona l  t r a j e c t o r y  opt imiza t ion  program.. Details are conta ined  

la te r  i n  t h i s  r e p o r t .  

D r .  Robert Vichnevetsky cont inues  t o  lead  t h e  r e s e a r c h  on nuc lea r  

r o c k e t  systems a n a l y s i s  and i s  a s s i s t e d  by D r .  Michael D.  Mintz. 

P ro f .  Lion i s  con t inu ing  research on impulsive t r a j e c t o r i e s .  H i s  

paper  on I 'Su f f i c i en t  Conditions f o r  Optimal Fixed Time Impulsive T r a j e c t o r i e s "  
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has been accepted f o r  the  IAF Meeting i n  Belgrade, Yugoslavia i n  September 1967. 

M r .  Michael Minkoff, g raduate  s tuden t ,  has developed a program 

based on t h e  prev ious  p a p e r  of Lion and Handelsman (AIAA Paper 67-54) on the  

p r i m e r  v e c t o r .  This i s  an n-impulse opt imiza t ion  program where n i s  

unspec i f i ed .  The paper by Lion and Handelsman has  been accepted f o r  pub l i -  

c a t i o n  i n  the  AIAA Journa l ,  During the  summer M r .  MinkoTf w i l l  be wi th  the  

Mission Ana lys i s  Div is ion  of OART a t  Ames Research Center.  

M r .  Ar thur  E.  Miller,  programmer, w i l l  l eave  a s  of 31 J u l y .  

M r .  S o l  M. Rocklin has completed h i s  Master's t h e s i s  e n t i t l e d  

"A Study of the S i n g u l a r i t i e s  of the Primer Vector." M r .  Rocklin r ece ived  

t h e  MSE degree  i n  June. 

During the  las t  week of A p r i l  the  ASMAR Group sponsored a two day 

conference on Tra j ec to ry  Analys is  and Optimization. More than f i f t y  

r e p r e s e n t a t i v e s  from government, i ndus t ry  and o t h e r  u n i v e r s i t i e s  a t t ended .  

A l i s t  of attendees is included as Appendix A .  The concept of t he  meeting 

w a s  a series of informal  progress  r e p o r t s  from s e l e c t e d  people engaged i n  

t r a j e c t o r y  a n a l y s i s  r e s e a r c h  throughout the  country.  The o b j e c t i v e  was t o  

s t i m u l a t e  d i s c u s s i o n  and in te rchange .  The morning of t h e  f i r s t  day w a s  

devoted t o  a p r e s e n t a t i o n  by the  members of t h e  ASMAR Group on the  work 

going on a t  Pr ince ton .  During the  a f te rnoon speakers  from o t h e r  groups 

p re sen ted  ha l f -hour  d i s c u s s i o n s  of work i n  progress .  A s o c i a l  hour and 

d i n n e r  w a s  he ld  t h a t  evening i n  t h e  New South Tower overlooking the  campus. 

The meet ing  concluded t h e  fo l lowing  morning w i t h  a d i s c u s s i o n  of the out- 

s t a n d i n g  problems i n  t r a j e c t o r y  a n a l y s i s  l e d  by J .  P. Layton. From a l l  

r e p o r t s  the meeting w a s  w e l l  r ece ived  and appa ren t ly  s u c c e s s f u l  i n  i t s  o b j e c t i v e .  
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11. SPACEFLIGHT TRAJECTORY ANALYSIS RESEARCH 

A.  Program Development 

The primary programming e f f o r t  has been devoted t o  w r i t i n g  a new 

t r a j e c t o r y  op t imiza t ion  program, Lion 1. This i s  a three-dimensional,  h e l i o -  

c e n t r i c  program employing a n a l y t i c  c o a s t s .  Due t o  l ack  of time Prof.  Lion 

i s  unable t o  cont inue  primary involvement of the  program;-Mr. John Campbell 

has taken over development of t he  program. S ince  t h i s  change the  ra te  of 

progress  has a c c e l e r a t e d  cons iderably .  Modif ica t ions  t o  the  program dur ing  

the  p a s t  t h r e e  months inc lude :  

1. The numerical  i n t e g r a t i o n  method used du r ing  t h r u s t  segments 

of the  t r a j e c t o r y  has  been changed from a second o r d e r  Milne p r e d i c t o r -  

c o r r e c t o r  t o  a t h i r d  o r d e r  Adams-Bashforth p r e d i c t o r  w i t h  a f o u r t h  o rde r  

Adams-Moulton c o r r e c t o r .  

2 .  The t h r u s t  equat ions  have been modified t o  make the  power 

v a r y  as a f u n c t i o n  of t h e  r a d i u s  as necessary  f o r  s o l a r  e lec t r ic  propuls ion .  

3.  The independent v a r i a b l e  of t h e  i n t e g r a t i o n  has been changed 

from t i m e  t o  mass r a t i o .  With a cons tan t  i n t e g r a t i o n  s t e p  s i z e  i n  mass r a t i o  

( s o l a r  e l e c t r i c  p ropu l s ion ) ,  t he  corresponding t i m e  span f o r  each i n t e g r a t i o n  

s t e p  v a r i e s  as a f u n c t i o n  of r ad ius .  This e f f e c t  makes a cons t an t  s t e p  s i z e  

e f f e c t i v e  i n  a l l  segments of t h e  t h r u s t  i n t e g r a t i o n .  

. 
4 .  I t e r a t i o n  l o g i c  f o r  more accu ra t e  swi tch ing  from t h r u s t  o r  c o a s t  

segments has  been included. 

5. The p a r t i a l  d e r i v a t i v e s  have been expanded t o  inc lude  t h e  

p a r t i a l  d e r i v a t i v e s  of t he  f i n a l  condi t ions  w i t h  r e s p e c t  t o  VH , FMO , VJ , 

and t h e  launch d a t e .  
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6.  Impulsive i t e r a t i v e  c a p a b i l i t y  has been added; u t i l i z i n g  a 

much improved Lambert r o u t i n e .  

7.  The modified t r a j e c t o r y  has been coupled t o  the  gene ra l i zed  

i t e r a t i o n  and op t imiza t ion  r o u t i n e  developed a t  the  Manned Spacec ra f t  Center  

(MSC I n t e r n a l  Note 66-FM-131). - 
8. The JPL Development Ephemeris 19 has  been l i nked  t o  the  program 

t o  provide ephemeris d a t a  f o r  t he  p l a n e t s  Mercury through P l u t o  du r ing  the  

y e a r s  1970 through 1999. 

9. The e n t i r e  program has been converted f o r  use  on the  IBM 360 

computer. 

The Program now has  t h e  c a p a b i l i t y  of op t imiz ing  V J  , VH , and 

power level as w e l l  as the t h r u s t  program. This can  be done f o r  s o l a r  

electric,  nuc lea r  electric and nuc lear  rocke t  propuls ion .  

While t h e r e  are f u r t h e r  a d d i t i o n s  we wish t o  make t o  t h i s  program, 

t h e  main emphasis now is on e x e r c i s i n g  the program as i t  now s t ands .  

M r .  Michael Minkoff, a f i r s t  year graduate  s t u d e n t ,  has developed 

a n  n-impulse op t imiza t ion  program. This program is  based upon the  i d e a s  i n  

t h e  paper by Lion and Handelsman (AIAA Paper 67-54). This program i s  unique 

i n  t h a t  t h e  number of impulses need no t  be s p e c i f i e d  beforehand. 

is  now converging f o r  t h r e e  impulse t r a j e c t o r i e s .  M r .  Minkoff i s  now 

developing  t h e  c a p a b i l i t y  f o r  more than t h r e e  impulses. 

on a technique  t o  speed t h e  convergence. 

The program 

He is  a l s o  working 

B. A n a l y t i c a l  R e s u l t s  

P r o f .  Lion has succeeded i n  developing an expres s ion  f o r  the  second 

1 
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v a r i a t i o n  f o r  impulsive,  f i x e d  t i m e  t r a j e c t o r i e s .  This t u rns  out  t o  be a 

quadra t i c  form i n  the  s t a t e  and c o n t r o l  va r i ab le s  w i t h  l i n e a r  d i f f e r e n c e  

equat ions  as a t t ached  c o n s t r a i n t s .  C la s s i ca l  l i n e a r  c o n t r o l  theory does 

n o t  apply ,  however, s i n c e  the  ma t r ix  f o r  the c o s t  of c o n t r o l  i s  s i n g u l a r .  

(Control  v a r i a b l e s  f o r  t h i s  problem are the v e l o c i t y  impulses and the t i m e  

of these  impulses . )  Since most nominal t r a j e c t o r i e s  w i l l  have only a small  

number of impulses,  i t  i s  poss ib l e  t o  use the  c o n s t r a i n t s  t o  e l i m i n a t e  

e x t r a  degrees  of freedom. S u f f i c i e n t  condi t ions  f o r  ( l o c a l )  op t ima l i ty  are 

t h a t  a matrix der ived  us ing  t h i s  procedure be p o s i t i v e  d e f i n i t e .  

square  g r a v i t a t i o n a l  f i e l d s ,  t hese  condi t ions  can be checked us ing  only 

a l g e b r a i c  equat ions .  No i n t e g r a t i o n  of d i f f e r e n t i a l  equat ions  i s  requi red .  

These r e s u l t s  w i l l  be presented  before  the IAF i n  Belgrade, Yugoslavia i n  

September. 

- 

For inve r se  
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111. AEROSPACE SYSTEMS ANALYSIS 

During t h i s  pe r iod  emphasis has been placed on t h e  a n a l y s i s  of 

the nuc lea r  rocke t  propuls ion  system. The fo l lowing  i t e m s  have been 

accomplished. 

1. Development of a complete mathematical model of the  thermo- 

dynamic cyc le  of H2 w i t h i n  the  nuc lea r  rocke t .  This mathematical model 

i s  d e v e l o p d  and p a r t l y  programmed (M. Mintz). 

2. Development of a nuc lea r  r e a c t o r  optimal m a s s / c r i t i c a l i t y  

c a l c u l a t i o n .  This has r e s u l t e d  i n t o  a working computer program (M.  Flynn). 

The working program is however p r e s e n t l y  working f o r  a geometrical  conf igur -  

a t i o n  d i f f e r e n t  from t h a t  of in te res t  i n  the  nuc lea r  rocke t .  

3 .  Development of performance c r i t e r i a  f o r  nuc lea r  propuls ion  

systems based on m u l t i - l e v e l  op t imiza t ion  a lgor i thm.  

system a n a l y s i s  and miss ion  a n a l y s i s  t o  be l i nked  v i a  Lagrange m u l t i p l i e r s  

o r  s e n s i t i v i t y  func t ions .  

This w i l l  permi t  

4 .  Development of s i m p l i f i e d  mathematical model of t he  nuc lea r  

r o c k e t  f o r  t he  development of s e n s i t i v i t y  func t ions  t o  be used i n  3 .  (This 

model w i l l  e v e n t u a l l y  be rep laced  by the combination of 1 and 2 ,  when completed.) 

This program w i l l  be taken over by C.  Kalmbach and R.  Chin t h i s  f a l l .  

The necessa ry  mod i f i ca t ions  are: (a) change from l i n e a r  t o  c y l i n d r i c a l  geometry 

and (b) change i n  f u e l  and moderator cross s e c t i o n s .  The l a t t e r  i s  be ing  done 

by R. Chin who has spen t  some t i m e  t h i s  summer i n  computing c r o s s  s e c t i o n s  

cor responding  t o  materials used i n  the  nuc lea r  rocke t .  These, t oge the r  w i t h  

the  change i n  geometry (change i n  the  form of the  c r i t i c a l i t y  ma t r ix )  w i l l  be 
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completed t h i s  f a l l  by Kalmbach and Chin. The output  of t h i s  program i s ,  

f o r  each power l e v e l ,  the  optimal c o r e / r e f l e c t o r  r a t i o  t o  achieve minimum 

mass. 

. 
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I V  . INTERPLANETARY -PLANETARY MISSION AEALY S I S RE SEARCH 

Analys is  of s o l a r  e l e c t r i c  propel led missions cont inues t o  

de lay  our  s t u d i e s  under the  Basic Program; however, some progress  i s  being 

made and t h e  s o l a r  e l e c t r i c  work under NSR-31-001-078 w i l l  be terminated 

on 30 September. Some s p e c i f i c  missions i d e n t i f i e d  i n  the  course of t h e  

s o l a r  e l e c t r i c  s t u d i e s :  e . g . ,  h igh power Mars and Venus o r b i t e r s ,  J u p i t e r  
- 

swingbys t o  t h e  o u t e r  p l a n e t s ,  e t  a l .  and missions involving naviga t ion ,  

guidance and c o n t r o l  cons idera t ions  w i l l  be analyzed f u r t h e r  under t h e  

Basic Program. 
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